Lupin is a major rotational crop produced abundantly in Australia. Three varieties of sweet lupins are grown in Australia depending on soil types and climatic conditions; these are white lupin (Lupinus albus), blue lupin (Lupinus angustifolius), and yellow lupin (Lupinus luteus). In this study, polysaccharides from the three lupin species have been extracted with hot water and a range of their biological activities investigated. The antioxidant activities of lupin polysaccharides have been measured in terms of ABTS
Introduction
Lupin is a major crop cultivated by Australian farmers to fix soil nitrogen in wheat and other cereal producing fields. [1] Consequently, Australia is the largest producer and exporter of sweet lupin seeds. [2] The three species of sweet lupins produced in Australia are: white lupin (Lupinus albus L.), blue lupin (Lupinus angustifolius L.) and yellow lupin (Lupinus luteus L.). Some of the beneficial health outcomes of the foods based on sweet lupins are improved bowel function and lowering the risk of colon cancer [3] , blood pressure lowering [4, 5] , blood glucose control, improved cardiovascular health [5] and promoting the growth of colonic microbiota. [6] Lupin offers a suitable option for sustainable use of land and hence is of immense value to Australian farmers. However, the enormous health beneficial effects of this product are not fully exploited for human consumption 5 . Further research to improve commercial value of the grain will be beneficial to farmers and food/nutraceutical industry as well as the consumers. Investigations of bioactivities of the major constituents from the three sweet lupins are likely to reveal the nutraceutical/pharmaceutical benefits and hence will improve the value of lupin seeds. Literature demonstrates [5, 7, 8] that lupin has large amounts of beneficial polysaccharides and protein. Therefore, these two nutrients can be isolated from lupin and can be utilized for nutraceutical/pharmaceutical purposes.
The literature on the biological and structural analysis of the polysaccharides from the three Australian sweet lupins is limited. [9, 10] Research investigating bioactive polysaccharides from the three Australian sweet lupin species is therefore important to evaluate their relative nutraceutical potential. This research aims to extract polysaccharides from the whole seeds of the three lupin species and study their biological activities. The results on scavenging abilities of lupin polysaccharides against ABTS
•+ and hydroxyl radicals, their affinity to chelate with iron, their immunomodulatory and prebiotic activities are presented in this paper. Surface studies and thermal behavior of lupin polysaccharides were investigated with a view to assess their suitability in food industry. FT-IR based structural characterization and their relationship with the activities are also presented in this paper.
Experimental methods

Materials and chemicals
Coorow seeds, Western Australia have donated the seeds of Lupinus angustifolius, Lupinus luteus and Lupinus albus. Penicillin, streptomycin, Dulbecco's modified eagle's medium (DMEM), Lipopolysaccharide (LPS), Fetal bovine serum (FBS) and glutaMAX™ were obtained from Life Technologies (Australia). ELISA kits and TNF-α were procured from BD biosciences (USA). Mouse macrophages (RAW 264.7) were purchased from American type culture collection. Rest of the chemicals and reagents used were of analytical grade.
Extraction of lupin polysaccharides and preliminary analysis
A kitchen blender (Sunbeam PB7600) was used to grind the seeds of L.angustifolius, L.luteus, and L.albus to powder form. The extraction of water-soluble polysaccharides 9 was carried out by autoclave method for 2 h at 121°C. The extract was allowed to cool at room temperature and then filtered. The supernatant was mixed with 1:4 vol/vol ratio of 95% ethanol for overnight at 4.1°C to obtain the precipitate of polysaccharides. The polysaccharides were then separated by centrifuging the ethanol-treated solution (12,000 g for 30 min) and then redissolved in deionized water. The samples were subsequently lyophilized to dryness and kept at approximately −20°C until further investigations.
Phenol-sulfuric acid method was used to measure the total sugar contents of the polysaccharides from the three lupin species. [11] Bradford's assay [12] was employed to determine their total protein contents. In order to determine the monosaccharide contents of these polysaccharides, gas chromatography [13] with FID detection technique was used (Hewlett Packard 7890B, capillary column model HP-5 from Agilent Technologies, USA). Polysaccharide samples were first hydrolyzed with trichloroacetic acid and the resulting samples were acetylated before performing GC analysis. Acetylation of all monosaccharide standards (mannose, galactose, ribose, glucose, xylose, fucose, rhamnose, and arabinose) was also performed.
Scanning electron microscopy
The morphological features of the powdered samples of the three lupin polysaccharides were studied by recording scanning electron micrograms (SEM) using a JEOL (6510 LV) instrument. Samples were mounted on aluminum stub with carbon film and the micrograms recorded.
Thermal analysis
Thermogravimetric analysis (TGA) is a useful technique, which helps to identify the thermal behavior and decomposition pattern of a sample, which will be helpful in determining the end product development and commercialization. TGA of blue, white, and yellow lupin polysaccharides was carried out on the simultaneous thermal analyzer Netzsch STA449C Jupiter (Germany). The sample was placed in the sample pan and heated from 0°C to 600°C at 10°C/min rate under the air and argon atmosphere.
Fourier transform infrared (FT-IR) spectroscopy
Fourier transform infrared Spectrometer (Perkin Elmer Spectrum 100) equipped with universal ATR accessory was used to record FT-IR spectral data. The spectra were recorded in the range of 4000 to 400 cm and 32 scans.
Antioxidant activities of polysaccharides
ABTS
•+ radical scavenging activity The antioxidant properties of lupin polysaccharides have been estimated using ABTS
•+ radical scavenging assay. [14] The diammonium salt of ABTS •+ (0.35 mL at 7.4 mmol/L) was first mixed with K 2 S 2 O 8 (0.35 mL at 2.6 mmol/L) to obtain ABTS
•+ free radicals. The tube containing the mixture was wrapped with aluminum foil and kept overnight in the darkroom to facilitate total radical formation. Ninety-five percent ethanol was used to dilute ABTS
•+ radical solution to set its absorbance reading to 0.74 ± 0.02 at 734 nm. The ABTS
•+ scavenging abilities of polysaccharide samples were determined by the addition of 2 mL of ABTS
•+ radical solution to 0.2 mL of sample. The absorbance of the samples was measured (at 734 nm) after incubating them at 25°C for 20 min. The negative control was 95% ethanol. ABTS
•+ scavenging activity was determined using the equation below.
Percentage of ABTS
•+ scavenging Activity (%) =(1 -A/A 0 ) ×100 where A 0 represents the absorbance value of negative control, and A represents the absorbance of the sample. All the measurements were done in triplicate.
Hydroxyl radical scavenging assay
Polysaccharide sample preparation and the incubation procedures used for this assay are similar to that described in previous publications. [9, 15] The absorbance of the samples was measured at 536 nm. The OH
• scavenging activity was determined using the equation below.
where A sample represents the absorbance of the sample and A control represents the absorbance of control solution containing 1,10-phenanthroline, FeSO 4 , and H 2 O 2 ; A blank represents the absorbance of blank solution containing 1,10-phenanthroline and FeSO 4. All the measurements were done in triplicate.
Ferrous chelating activity
In order to measure the chelating activity of the samples, their capacity to coordinate with Fe 2+ was observed in the presence of ferrozine. Polysaccharide sample with five concentrations (1-5mg/mL) was prepared in order to measure the dose-dependant chelating abilities. 1 millliter of each sample was mixed with 0.1 mL iron(II) chloride (2 mM), 0.15 mL ferrozine (5 mM), and 0.55 mL MeOH.
Mixing of samples was performed by vortexing and incubated at room temperature for 15 min (allowing complexation reaction to complete). The absorbance of the incubated samples was then measured at 562 nm. The positive control was EDTA. [14] Percentage chelating activity was determined using the equation below.
where A 0 represents the absorbance of positive control, and A represents the absorbance of polysaccharide samples. All the measurements were done in triplicate.
Immunostimulatory activities
Griess assay
For the measurement of immunomodulatory effects, the solutions of polysaccharides of varying concentrations were made (0.05-5 mg/mL). The procedure employed for this assay was similar to that presented in previous publications. [9, 16] Sodium nitrite was used as a standard in this method with LPS as positive control.
Determination of TNF-α production Sandwich ELISA (TNF-α, BD Biosciences, San Jose, CA, USA) was employed and the procedure described in the manual was followed to measure the concentration of TNF-α produced. Procedure for the establishment of calibration curve for TNF-α standard and the determination of TNF-α released from the samples was similar to that presented in previous publications. [10, 17] Cell viability assay Viability of RAW 264.7 macrophages was determined using MTT assay [18] at different concentrations of polysaccharide samples. The procedure employed in this assay was similar to that presented in previous publications. [9, 10] After a 30-min incubation of samples, the absorbance values were measured at 595nm. LPS was used as positive control. The cell viability was determined using the equation below:
where A represents the absorbance of positive control and A 0 represents the absorbance with polysaccharide samples.
Prebiotic assessment of lupin polysaccharide fractions
The prebiotic activities of lupin polysaccharides were determined against four beneficial probiotic strains, namely, L. rhamnosus DR20, L. acidophilus (LAFTI L10), B. lactis DR10 and B. animalis BB-12 that were obtained from Microbiology Culture Collection, Western Sydney University (Hawkesbury, Australia). The procedure employed in this assay was similar to that presented in a previous publication. [10] Decrease in pH of the media and increase in its turbidity were measured after 0, 8, 24, and 48 h which indicated the growth of the tested bacteria. [19] Data analysis SPSS (Version 20) and Microsoft Excel were used for statistical analysis. Triplicate data was collected in all biological assays. One-way analysis of variance and Duncan's multiple range tests were employed for data analysis. Statistical significance of the data was established based on p-value (p < 0.05). Smaller p-value indicates greater significance of the observed value.
Results and discussion
Chemical analysis of lupin polysaccharides
Water-soluble polysaccharides have been isolated from the seeds of white, blue and yellow lupins and their compositions were analyzed. The results (Table 1) indicate that blue lupin seeds have produced maximum polysaccharide yield which is followed by white lupin and yellow lupin. Table 1 also presents the sugar and protein contents of the polysaccharides extracted from the three lupin species. The polysaccharides extracted from blue, white and yellow lupins are designated as BLP, WLP, and YLP, respectively.
Monosaccharide analysis
Monosaccharide compositions of blue, white and yellow lupin polysaccharides have been determined using gas chromatographic method, and the results are shown in Table 2 . Galactose and mannose are the two major monosaccharides present in the polysaccharides extracted from all the three lupin species. Xylose, glucose, and fucose are the other monosaccharides present in these polysaccharides. Small quantity of rhamnose is present in blue lupin polysaccharides which is absent in the other two species. It should be noted that a total of nine monosaccharide standards were used in this analysis. However, three of the monosaccharides (fucose, ribose, and arabinose) were absent in all the three lupin species. The observations presented in Table 2 and the literature reports [20, 21] substantiate the occurrence of galactans and galactomannans as major polysaccharides in all the three lupin species. The results presented in Table 2 also indicate that the other possible biopolymers comprising lupin polysaccharides include Xyloglucans. [20, 21] Scanning electron microscopy (SEM) SEM is a powerful microscopic method for investigating the surface morphology of biomolecules, which helps in understanding their physical properties that may be relevant to food processing. Scanning electron micrograms of blue, white and yellow lupin polysaccharides are presented in Figure 1 . White and yellow lupin polysaccharides show porous and sponge-like surface. The surface morphology of white and yellow lupin polysaccharides has indicated amorphous material. The surface morphology of blue lupin polysaccharides showed quite different structure exhibiting granular structure consisting of irregular granules with varying sizes. These porous and granular structures are likely to be useful for improving organoleptic and sensory quality of food/nutraceutical products from sweet lupin polysaccharides. Thermogravimetric analysis (TGA) TGA is a useful technique to identify the thermal behavior and decomposition pattern of a food/ nutraceutical ingredient which will be useful for end product development. Thermo-gravimetric analysis of blue, white and yellow lupin polysaccharides was carried out in the temperature range from room temperature to 590°C, and the results are presented in Table 3 . These diagrams show mass changes as temperature is increased. All the three species of lupin polysaccharides showed three decomposition stages (Table 3) . For white lupin polysaccharide: stage 1 (60°C-161°C) shows loss of absorbed and bound water; stage 2 (161°C-359°C) represents decomposition of polysaccharides in Figure 1 . SEM images of white (top), yellow (middle) and blue (bottom) lupin polysaccharides.
which CO, CO 2 , and H 2 O are lost; Stage 3 (359°C-587°C) represents complete decomposition of white lupin polysaccharides. Similar behavior was observed for blue and yellow lupin polysaccharides ( Table 3 ). The observed decomposition patterns indicate that the lupin polysaccharides are suitable for food product development.
FT-IR characterization
Preliminary structural features of lupin polysaccharides were analyzed by FT-IR spectroscopy. FT-IR spectra of these polysaccharides consist of peaks that are characteristic of polysaccharides [22] (Figure 2 ). Characteristic absorption bands for white lupin polysaccharides are shown in Figure 2 . Four bands detected in the range of 797 to 919 cm −1 indicate the presence of glycosidic linkages (Bands labeled 1-4 in Figure 2 ). The band at 881 cm −1 and 919 cm −1 relate to β-glycosidic bond. [22] The peaks at 797 and 837 cm −1 relate to α-glycosidic linkage 22 . The bands at 1021, 1048, and 1078 cm −1 correspond to the C-O stretching modes in C-O-H bonds in pyranose ring structures. The bands around 2928 cm −1 correspond to the stretching modes of C-H. Finally, the broad peak at 3274 cm −1 relates to -OH stretching vibrations. Similar FT-IR spectra were detected for yellow and blue lupin polysaccharides (Results not presented). Monosaccharide compositions of these polysaccharides together with FT-IR findings indicate the likely presence of galactans and galactomannans, which are known to contain pyranose sugars with α-and β-glycosidic bonds. These observations are in agreement with literature findings [10] Radical scavenging and iron chelating abilities of blue, white and yellow lupin polysaccharides Prolonged existence of reactive free radicals in the body is likely to cause oxidative stress that can lead to serious diseases. Regular consumption of antioxidants alleviates oxidative stress. Several food-derived polysaccharides were found in the literature to be important sources of natural antioxidants. [22] [23] [24] Therefore, the polysaccharides extracted from the three lupin species were tested for their antioxidant potential. These results are presented below in Table 4 .
ABTS
•+ radical scavenging activity ABTS
•+ radical scavenging activities of blue, white and yellow lupin polysaccharides are shown in Figure 3 , and the corresponding IC50 values are given in Table 4 . These polysaccharides (BLP, WLP, and YLP) exhibited significant scavenging activity against ABTS
•+ radical in a dose-dependent manner. The polysaccharides extracted from all the lupin species displayed good IC50 values (Table 4) . WLP showed the best ABTS
•+ radical scavenging ability amongst the three lupin species and YLP displayed the least activity (WLP > BLP > YLP).
Hydroxyl radical scavenging activity
Hydroxyl radical scavenging abilities of the lupin polysaccharides from the three lupin species are presented in Figure 4 , and the corresponding IC50 values are given in Table 4 . A closer look at Figure 4 , indicates that these polysaccharides (BLP, WLP, and YLP) exhibit significant scavenging activity against Hydroxyl radicals in a concentration-dependent manner. Low IC50 values were obtained for BLP (1.56 ± 0.32 mg/mL), WLP (2.26 ± 0.48 mg/mL) and YLP (2.82 ± 0.26 mg/mL). BLP exhibited the best activity amongst the three lupin species studied, and YLP displayed relatively lower activity (BLP > WLP > YLP). Extremely small IC50 values displayed by the polysaccharides from all the three lupin species indicate their high potential to scavenge biologically significant hydroxyl radical.
Ferrous chelating activity The chelating abilities of blue, white and yellow lupin polysaccharides are presented in Figure 5 , and the corresponding IC50 values are given in Table 4 . BLP, WLP, and YLP have all showed good activities as a function of concentration. WLP showed highest chelating activity (IC50 = 3.48 ± 0.37 mg/mL) amongst all the species and YLP displayed relatively lower chelating ability (WLP > BLP > YLP). It is of interest to note from Table 2 that BLP and WLP have larger quantities of galactose and mannose than YLP. The observed antioxidant activities of BLP and WLP are also larger than YLP. These observations indicate that galactose and mannose may be the major contributors to the antioxidant potential of lupin polysaccharides, and this observation is in agreement with the literature [9] The findings presented above reveal that the polysaccharides from the three lupin species display high antioxidant activities (radical scavenging as well as metal chelating abilities) and they are highly potential candidates to be used as natural antioxidants. Results indicate that these activities are likely to be connected to their galactose and mannose contents, and these findings are in agreement with the literature. [9, 10, 25, 26] The radical scavenging activities of mung bean polysaccharides have been shown to correlate well with the galactose and mannose contents. [26] BLP showed the best antioxidant potential which is followed by WLP while YLP displayed relatively lower activity (Table 4 and Figures 3-5) . 
Immunostimulatory activities
Immunostimulatory activities of polysaccharides isolated from the three lupin species were measured by the treatment of macrophages (RAW264.7) with lupin polysaccharides. The results demonstrated that the production of TNF-α and NO were increased as the concentration of polysaccharide samples were increased (Figures 6 and 7) . These results are presented and discussed below.
Tnf-α production
The results presented in Figure 6 show that the polysaccharides from all the three lupin species have significantly activated macrophages and produced TNF-α. When treated with BLP, a sevenfold enhancement in the release of TNF-α (at 1000 µg/mL) was observed in relation to control. Whereas WLPs have produced about fourfold increase and YLPs have increased threefold. These results indicate that the BLPs are the most active amongst the three lupin species with respect to TNF-α production, and the yellow lupin polysaccharides (YLPs) displayed lowest activity.
NO production
The polysaccharides from all the three lupin species have activated the macrophages to produce NO as a function of concentration ( Figure 7 ). BLPs have displayed highest activity. This is evident from a 6-fold increase (for BLP), about 4.5 fold increase (for WLP) and about 4-fold increase (for YLP) in the production of NO at 1000 µg/mL. These results indicate that the polysaccharides from the three lupin species studied in this research are suitable candidates to enhance the immune function. These immunomodulatory activities of lupin polysaccharides together with their antioxidant activities are expected to make them extremely suitable candidates for nutraceutical and functional applications. Particularly, the blue lupin polysaccharides with high activities hold great importance for such applications. These results are very significant considering the fact that they are food polysaccharides and can be consumed in large quantities.
As can be seen from the literature [23] , the immunomodulatory function plays a key role in anticancer activity. It is therefore concluded that the sweet lupin polysaccharides are potential candidates for further exploitation as anti-cancer agents.
Cell viability
The viabilities of macrophage cells upon treatment with lupin polysaccharides was tested by MTT assay, and the results are shown in Figure 8 . Polysaccharides from the three lupin species have displayed least toxicities (good viability) even at large concentrations indicating that they are non-toxic. These results are consistent with the literature [9, 17] findings that botanical polysaccharides display least toxicity. Because of the fact that most of the modern therapies to treat lifestyle diseases involve serious side effects, there is a growing interest in the use of natural therapeutics for prevention and treatment of many human diseases caused by oxidative stress that include immune disorders and cancer. In this context, Australian sweet lupin seeds possess huge potential as they are nutritionally rich and contain non-starch polysaccharides that display a range of important biological activities [9, [25] [26] [27] [28] [29] with least side effects.
Prebiotic assessment of lupin polysaccharides
Prebiotic potential of the BLP, WLP, and YLP have been assessed against four probiotic species. Each of the tested bacteria fermented the polysaccharide samples as demonstrated by a decrease in pH of the medium as a function of incubation time ( Figure 9 ). Prebiotic activities of BLP, WLP and YLP were also evidenced by a clear increase of turbidity as a function of incubation time reflecting bacterial growth. These results indicate that BLP, WLP, and YLP exhibit good prebiotic activities. BLP was the best amongst the three lupin species and was superior to inulin (a known standard). These findings demonstrate that BLP, WLP, and YLP are excellent natural polysaccharides with prebiotic potential. The results are consistent with the literature findings on the health benefits of lupin-based foods that have been shown to promote the growth of colonic microbiota, decrease the risk of colon cancer and many other positive effects on health. [3, 5, 6] Overall, the results presented in this paper demonstrate that sweet lupin polysaccharides possess high potential for antioxidant, immunostimulatory and prebiotic applications. They are expected to offer tremendous nutraceutical and functional benefits. BLP has displayed extremely high activities followed by WLP and YLP. The activities reported in this paper for BLP are comparable to the activities of some of the herbal polysaccharides [24] and this is very important finding considering the fact that these are food polysaccharides and can be consumed in large quantities.
Tremendous nutraceutical, functional and therapeutic potential of sweet lupin polysaccharides revealed by this research is expected to open many avenues to utilize lupins to further develop the technology to produce novel lupin-based foods. In recent years, there has been significant progress in the development of lupin-based foods. [30] Further developments in this direction are expected to advance the commercial value of sweet lupins and their use in developing a variety of functionally rich food products.
Conclusion
The polysaccharides extracted from the three lupin species displayed significant scavenging activities against two of the free radicals studied and displayed excellent iron chelating abilities indicating their potential to be used as nutraceuticals with antioxidant capacity. Sweet lupin polysaccharides have also exhibited significant immunostimulatory and prebiotic activities with BLP showing highest activity, followed by WLP and YLP. Polysaccharides from all the lupin species have been found to be non-toxic with excellent cell viabilities even at high concentrations. In addition to displaying superior biological activities, the blue lupin has yielded largest quantity of polysaccharides per gram of seeds, followed by white lupin and the yellow lupin yielded least quantity of polysaccharides. These findings suggest that the blue lupins have the best antioxidant, immunostimulatory, and prebiotic potential per gram of seeds, and the yellow lupins have the least. It is therefore expected that the blue and white lupin polysaccharides possess high potential to be used as nutraceutical and functional ingredients with significant therapeutic value. A closer look at the observed activities presented in this paper and the mono-sugar contents indicate that galactose and mannose are the major contributors to the biological activities of lupin polysaccharides. FT-IR findings indicate the presence of galactans and galactomannans.
